We report the covalent post-assembly modification of kinetically metastable amine-bearing Fe II 2 L 3 triple helicates via acylation and azidation. Covalent modification of the metastable helicates prevented their reorganization to the thermodynamically favored Fe II 4 L 4 tetrahedral cages, thus trapping the system at the nonequilibrium helicate structure. This functionalization strategy also conveniently provides access to a higherorder tris(porphyrinatoruthenium)−helicate complex that would be difficult to prepare by de novo ligand synthesis.
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2 L 3 triple helicates via acylation and azidation. Covalent modification of the metastable helicates prevented their reorganization to the thermodynamically favored Fe II 4 L 4 tetrahedral cages, thus trapping the system at the nonequilibrium helicate structure. This functionalization strategy also conveniently provides access to a higherorder tris(porphyrinatoruthenium)−helicate complex that would be difficult to prepare by de novo ligand synthesis.
T he self-assembly of a stable supramolecular complex is a multistep process involving the formation and reconfiguration of transitory intermediates, which are coupled together by a series of elementary equilibria.
1 Occasionally, one of these intermediates is sufficiently long-lived that it can be isolated before it reconfigures to a more stable product. Although rarely identified, these kinetically metastable intermediates constitute an interesting subclass of labile supramolecular structures that can provide insights into the mechanisms of self-assembly. 2 For instance, we have recently reported self-assembled metal− organic polyhedra that arise from the thermodynamically driven reconfiguration of low-nuclearity metastable intermediates. 3 In these systems, a kinetic intermediate (a helicate 3a,b or tetrahedron 3c,d ) forms rapidly and persists for up to several days before the system spontaneously equilibrates to afford the more complex thermodynamic product (a tetrahedron, 3b pentagonal prism, 3d cuboid, 3c or icosahedron 3a ). Meijer et al. have also observed that metastable kinetic intermediates are important off-pathway species in chain-growth supramolecular polymerization, 4 which recently led to a report of living supramolecular polymerization by Sugiyasu et al. 5 Kinetically metastable species also feature in biological self-assembly, such as during the initial stages of protein folding. 6 Biological systems are able to trap these metastable polypeptides through covalent postassembly modification reactions, providing a route to active proteins that contain out-of-equilibrium motifs. Post-assembly modification of discrete supramolecular complexes has received increasing attention in recent years, complementing the prominent role that postsynthetic modification plays in polymer chemistry 8 and metal−organic frameworks. 9 Modification reactions have been used to "lock down" supramolecular complexes by replacing dynamic interactions with covalent bonds, 10 to close mechanical bonds around metal coordination sites, 11 to access unique architectures through subcomponent substitution, 12 and to alter parts of assembled structures without resorting to multistep de novo ligand synthesis.
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Covalent post-assembly modification of kinetically metastable intermediates poses a challenge, as these complexes are not only potentially unstable toward modification reactions but will also spontaneously equilibrate to the thermodynamic product over time. A successful modification reaction must therefore compete with dynamic reconfiguration without causing decomposition. If successful, covalent modification can be used to trap a kinetically metastable intermediate, thus offering a powerful means of controlling product distributions in supramolecular synthesis, independent of the natural thermodynamic preferences of the equilibrating system. 3b This phenomenon is general: when tris-aniline 1, 2, or 3 (Scheme 2) was combined with 2-formylpyridine and a suitable iron(II) salt in the correct stoichiometry to form a tetrahedron (1b−3b), the helicate (1a−3a) was initially formed as the kinetic product in each case.
3b Reaction of the exposed aniline residues of these helicates with various electrophiles intercepted the equilibration process, thereby trapping the system away from equilibrium while endowing the helicate with additional functionality (Scheme 2).
We first investigated N-acylation due to the scope of conditions under which it can be performed and the variety of functional groups that can be introduced through amide bond formation. Initial attempts to acetylate helicate 1a using acetyl chloride were complicated by triflate−chloride metathesis, causing a reddish-brown solid to precipitate from acetonitrile (see SI, Section S6). Acetylation was therefore performed under milder conditions using acetic anhydride: the reaction of 1a with 3.3 equiv of acetic anhydride in CD 3 CN proceeded at 70°C, cleanly affording the tris-acetylated helicate (1c) as the sole reaction product within 32 h (Figure 1) . The 1 H DOSY NMR spectrum showed that the new −CH 3 resonance at 2.02 ppm diffused with the aromatic helicate resonances (Figure 1a) . The helicate decomposed only slightly during acetylation, as indicated by the observation of 2-formylpyridine in the 1 H NMR spectrum. The pure tris-acetylated helicate (1c) was isolated following dropwise addition of the reaction mixture into diethyl ether. The 1 H NMR spectrum showed that the procedure selectively afforded the tris-acetylated helicate with no evidence of products having lower degrees of acylation. ESI-MS and single crystal X-ray diffraction (Figure 1b) analyses confirmed the structure of 1c as a pseudo-D 3 symmetric triple helicate. 15 The structurally related metastable Fe II 2 L 3 triple helicates 2a and 3a also reacted efficiently with acetic anhydride, selectively affording the analogous tris-acetylated helicates (see SI, Section S10).
Acetylation of helicate 1a prevented structural reorganization to the Fe II 4 L 4 tetrahedron (Scheme 1), thus trapping the metastable helicate away from thermodynamic equilibrium. The thermodynamically favored tetrahedron, whose aniline residues are not available for reaction with electrophiles, was not susceptible to these modes of post-assembly modification once formed, indicating that 1b lies in a deep potential energy well relative to 1a.
A range of alkyl and aryl carboxylic acid anhydrides also effectively acylated 1a, cleanly producing trifunctionalized helicates with good to excellent conversion after heating at 70°C for up to 5 days (Scheme 2; SI, Table S1 ). Additionally, we employed 1-hydroxy-7-azabenzotriazole active esters, 16 prepared by treating the desired carboxylic acid with the peptide coupling reagent HATU-PF 6 , 17 as a more general route for N-acylation. Active ester functionalization of the helicates proceeded efficiently at room temperature, selectively affording the target triacylated helicates in good yields. The structure of each helicate derivative was confirmed by two-dimensional NMR techniques and ESI-MS (see SI, Sections S4−S10). Single crystal X-ray diffraction analysis was also performed for those helicates that gave crystals of sufficient quality (see SI, Section S14 for details). It is crucial that covalent modification of the helicate core be highly efficient, since the tetracationic charge of 1a−3a and their derivatives makes purification of partially functionalized mixtures very challenging by fractional crystallization and chromatography. Active ester-mediated coupling thus provides a robust, convenient, and versatile route for introducing a wide range of functional groups to an amine-bearing scaffold in the context of post-assembly modification of supramolecular complexes.
Journal of the American Chemical Society
While N-acylation proceeded efficiently in most cases, particularly slow reactions, e.g., those involving sterically hindered substrates, competed with helicate-to-tetrahedron interconversion to afford mixtures of the functionalized helicate and tetrahedron 1b. For example, the reactions of 1a with pivalic anhydride (3.5 equiv) did not proceed to completion even after heating at 90°C for 11 days. An improved result was obtained by repeating the reaction in the presence of catalytic 4-(dimethylamino)pyridine (DMAP), 18 which gave predominantly trifunctionalized 1f, along with ∼13 mol % mono-and diacylation products and ∼6 mol % tetrahedron 1b, as estimated from the 1 H NMR spectrum of the reaction mixture. Similarly, the active ester coupling of adamantane-1-carboxylic acid to 1a required heating to 70°C. In contrast to the anhydride coupling, the 1 H NMR spectrum of the product mixture contained trifunctionalized 1l as the only helicate product with no evidence of partially acylated products and ∼10 mol % tetrahedron 1b (SI, Figure S12 ). This observation suggests that monofunctionalization of 1a "locks down" the helicate structure so that the subsequent functionalization events can occur.
Although acylation is a versatile route for grafting various functional groups onto the helicate core, we also sought additional reactions complementary to amide formation. The azide group is useful to install as it can undergo diverse transformations.
19 While azide-bearing supramolecular complexes have been reported previously, 13f,20 there are, to the best of our knowledge, no reports of introducing an azide group to a preassembled complex through post-synthetic modification. We found that the exposed aniline residues of 1a could be transformed into azides via diazotization. 21 Treating 1a with t-BuONO and TMS-N 3 at 0°C in one pot afforded only the trisazide appended helicate (1n) in good purity. Slight broadening of the 1 H NMR spectrum of 1n compared to 1a suggested that the helicate decomposed slightly during the reaction, consistent with oxidation by t-BuONO. Indeed, 1a was observed to decompose upon reaction with t-BuONO alone, possibly due to the instability of the intermediate diazonium salt (SI, Figure  S17 ). Installation of the azide groups was confirmed by ESI-MS, FTIR, and X-ray crystallography (Figure 1c ; SI, Section S9).
Helicates 1a−3a were resistant to post-assembly modification using ethyl isocyanate, affording complex mixtures of partially functionalized products even in the presence of dibutyltin dilaurate as a catalyst at 50°C (SI, Section S11). This result contrasts with previous work, in which post-assembly modification of metallosupramolecular complexes through reaction with isocyanates was reported.
13b,g We infer this difference in reactivity to be due to the comparatively poor nucleophilicity of the aniline residues of helicates 1a−3a. Hence, their highly efficient reaction with the electrophiles reported herein suggests that other amine-bearing complexes may also be transformed into their acyl-and azide-bearing congeners, complementing other post-assembly modification strategies.
Post-assembly modification of metastable supramolecular structures offers a modular route for building more complex architectures from a preformed supramolecular core. To demonstrate this idea, helicate 1k, prepared from helicate 1a and 4-(4-pyridinyl)benzoic acid, was shown to react with the carbonylruthenium(II) chelate of 5, 10, 15, Ru(TPP) (CO) , to give a 3:1 coordination complex. 1 H DOSY NMR spectroscopy revealed the porphyrin−helicate complex to diffuse as a single species on the NMR time scale, consistent with the high association constants typically reported for porphyrinatoruthenium(II)−pyridine coordination complexes ( Figure 2) . 22 Proton resonances assigned to the helicate core indicate that the complex has a pseudo-C 3 symmetry axis along the central Fe−Fe vector, which is consistent with the 3:1 stoichiometry of the complex. Following porphyrin binding, the proton resonances of H 13 and H 14 were observed at Δδ = −5.57 ppm and −8.71 ppm, respectively, from their chemical shifts in free 1k (Figure 2 ). We attribute these shifts to the proximity of the protons to the aromatic ring current shielding zone of the Ru(TPP)(CO) moiety. NOE correlations between H 14 of the helicate and both H β and H o of the porphyrin directly confirm the Ru-pyridine connectivity of the complex (SI, Figure S22) . Interestingly, the shorter-armed isonicotinyl helicate (1j) did not form a stable 3:1 complex with Ru(CO)(TPP), but its spectra were instead consistent with a distribution of products in which incomplete porphyrinatoruthenium(II)−pyridine coordination was present (SI, Figure S13 ).
In conclusion, we present an initial report of covalent postassembly modification of a kinetically metastable supramolecular intermediate. Covalent modification prevented metastable helicates 1a−3a from reorganizing to the thermodynamically favored Fe II 4 L 4 tetrahedral cages, thus trapping the system out of equilibrium. Additionally, we have demonstrated that tandem combinations of covalent and noncovalent post-assembly modification offer powerful means of altering a preformed supramolecular core without having to employ de novo ligand synthesis. These techniques contribute to the growing supramolecular "toolbox", which continues to offer ever more powerful means of building complex matter beyond the molecule. 
